The notion of a simple ordered state implies homogeneity. If the order is established by a broken symmetry, elementary Landau theory of phase transitions shows that only one symmetry mode describes this state. Precisely at points of phase coexistence domain states formed of large regions of different phases can be stabilized by long range interactions. In uniaxial antiferromagnets the so-called metamagnetism is an example of such a behavior, when an antiferromagnetic and field-induced spin-polarized paramagnetic/ferromagnetic state co-exist at a jump-like transition in the magnetic phase diagram. Here, combining experiment with theoretical analysis, we show that a different type of mixed state between antiferromagnetism and ferromagnetism can be created in certain acentric materials. In the small-angle neutron scattering experiments we observe a field-driven spin-state in the layered antiferromagnet Ca3Ru2O7, which is modulated on a scale between 8 and 20 nm and has both antiferromagnetic and ferromagnetic parts. We call this state a metamagnetic texture and explain its appearance by the chiral twisting effects of the asymmetric Dzyaloshinskii-Moriya (DM) exchange.
The notion of a simple ordered state implies homogeneity. If the order is established by a broken symmetry, elementary Landau theory of phase transitions shows that only one symmetry mode describes this state. Precisely at points of phase coexistence domain states formed of large regions of different phases can be stabilized by long range interactions. In uniaxial antiferromagnets the so-called metamagnetism is an example of such a behavior, when an antiferromagnetic and field-induced spin-polarized paramagnetic/ferromagnetic state co-exist at a jump-like transition in the magnetic phase diagram. Here, combining experiment with theoretical analysis, we show that a different type of mixed state between antiferromagnetism and ferromagnetism can be created in certain acentric materials. In the small-angle neutron scattering experiments we observe a field-driven spin-state in the layered antiferromagnet Ca3Ru2O7, which is modulated on a scale between 8 and 20 nm and has both antiferromagnetic and ferromagnetic parts. We call this state a metamagnetic texture and explain its appearance by the chiral twisting effects of the asymmetric Dzyaloshinskii-Moriya (DM) exchange.
The observation can be understood as an extraordinary coexistence, in one thermodynamic state, of spinorders belonging to different symmetries. Experimentally, the complex nature of this metamagnetic state is demonstrated by measurements of anomalies in electronic transport which reflect the spin-polarization in the metamagnetic texture, determination of the magnetic orbital moments, which supports the existence of strong spin-orbit effects, a pre-requisite for the mechanism of twisted magnetic states in this material. Our findings provide an example of a rich and largely unexplored class of textured states. Such textures mediate between different ordering modes near phase co-existence, and engender extremely rich phase diagrams.
I. INTRODUCTION
The term metamagnetism, possibly coined by Kramers as a joke, was used to describe the bizarre properties of certain magnetic materials that have been investigated for more than 100 years. They appeared to be paramagnetic or antiferromagnetic in the ground state, but ferromagnetic in applied fields [1] [2] [3] and could be pictured as an Hegelian synthesis step reconciling opposing tendencies of magnetic behavior. Metamagnetism now labels a sudden rise or cross-over of the magnetization under applied field and is observed in various classes of materials. Once Néel's notion of antiferromagnetism had been accepted, one type of metamagnetic behavior could easily be explained as the jump-like transition between a collinear antiferromagnetic up-down state and a spin-polarized up-up state when a field overcomes the exchange between sublattice spins constrained to collinear configurations by a strong easy-axis magnetic anisotropy [3, 4] . In the generic magnetic phase diagrams of such materials, a first-order phase transition occurs between the two spin-orders. Long-range classical dipolar interactions or magnetostrictive interactions can stabilize domain states in which the two spin-orders co-exist. These classical domain structures at phase-coexistence points are well understood [5] .
Orientationally ordered states may also display intrinsically inhomogeneous phases driven by short-range forces which cause a continuous twisting of the order-parameter. In acentric magnetically ordered materials, spin-orbit effects on the magnetic exchange interactions cause chiral spiral ordering [6] . Phenomenological theory is able to predict and describe such modulated states in a wide range of condensed matter systems, such as incommensurable states in certain crystals undergoing lattice instabilities [7, 8] , or chiral liquid crystals [9] [10] [11] . In such modulated textures the direction of a multicomponent order parameter spatially rotates from one orientation to another. Chiral helimagnetic order is a paragon of such textures in which spin-orbit coupling twists an elementary spin-ordered pattern over long periods [6, 12, 13] . For this type of directional order in systems with a twisting short-range force, static multidimensional solitons are theoretically predicted [14] , which now are called chiral skyrmions in the case of chiral ferromagnets or Néel antiferromagnets [15] . The condensation of such particle-like states can yield rich phase diagrams [16, 17] , which have become a major topic in condensed matter magnetism over the last decade [18, 19] . Although a chiral helimagnet macroscopically behaves as an antiferromagnet, the primary magnetic order is a simple ferromagnetic spin order, twisted into a helix over long distances [12, 13] .
Here we show how a spiral magnetic order emerges in a material with antiferromagnetic order parameter. The spiral and antiferromagnetic orders propagate in orthogonal directions and are characterized by mutually orthogonal directions of the ordered moment. Materials displaying such com-plex textures may also host new types of antiferromagnetic skyrmions, which is a subject of intense theoretical and experimental research [20] . We present the first experimental realization of a magnetic texture composed of an antiferromagnetic ground state and a ferromagnetic spin-polarized state. We identified the layered antiferromagnetic oxide Ca 3 Ru 2 O 7 , as suitable for a focused search for a metamagnetic texture. This material crystallizes in the non-centrosymmetric polar structure described by space-group Bb2 1 m, which belongs to polar point-group C 2v . The crystal structure consists of RuO 2 bilayers with corner sharing RuO 6 octahedra, which are rotated around the crystallographic c-axis and tilted with respect to the ab-plane [21] . The basic antiferromagnetic orderparameter in Ca 3 Ru 2 O 7 was identified in detailed neutron diffraction studies [22] . This magnetic-order parameter is described by a simple collinear ordering-mode, which does not allow for a canting of moments into a weak ferromagnetic state. Thus, Ca 3 Ru 2 O 7 meets the elementary symmetry conditions for modulated magnetism. A further requirement are relevant spin-orbit couplings, that affect the primary magnetic order. We have used X-ray magnetic circular dichroism (XMCD) spectroscopy on the Ru ions to measure its orbital magnetic moment. We find relatively large moments with a ratio of orbital to spin moment of about 0.15, see SFIG.1 in Supplementary materials in agreement with earlier [23] and our own theoretical investigations. This ascertains that possibly strong antisymmetric DM exchange interactions do affect the magnetic order in Ca 3 Ru 2 O 7 . The material orders antiferromagnetically below the Néel temperature, T N = 56 K with the ordered moments along the a-axis and the magnetic propagation vector along the [001] direction. Within the bilayer the Ru moments are coupled ferromagnetically, whereas the coupling between the adjacent bilayers is antiferromagnetic [21, 22] . This state is normally referred to as AFM a . On cooling below 48 K, the ordered moments within the bilayer spontaneously re-orient to point along the b-axis, and this state is known as AFM b . The coupling between the adjacent bilayers remains antiferromagnetic. The moment re-orientation is accompanied by the first order structural transition at 48 K [24] .
The isothermal magnetization at low temperatures displays a single metamagnetic transition and reaches ∼1.95 µ B per Ru ion, a slightly reduced value compared to 2 µ B for the full moment expected for Ru 4+ , FIG 1a. At T≥43 K the magnetization shows two metamagnetic transitions, which become increasingly separated in field as the temperature increased to 48 K, resulting in the "funnel"-type structure in the magnetic susceptibility, dm/dH plotted as a function of temperature and magnetic field, FIG 1b. The higher field transition at H>5.5 T in the magnetization is a transition into a canted antiferromagnetic structure, CAFM, in which the magnetic moments on Ru ions are partially polarized along the direction of the applied field [22] . We have also detected a small hysteresis at the low field transition, a typical signature of metamagnetism. Further below we show that the fields and temperatures at which the hysteresis was observed mark the onset of metamagnetic texture observed in small-angle neutron scattering (SANS) experiments.
The metamagnetic transitions between the antiferromag- in FIG 1d. The Hall resistivity R xy for current along the a-axis and with magnetic field along the b-axis displays two features that are marked by local maxima in the derivative dR xy /dH. These maxima split towards lower and higher fields upon increasing temperature, a behavior similar to dm/dH, see further discussion and SFIG.2,3 in supplementary materials. Our analysis, following the general approach for the Anomalous Hall effect (AHE) [25] , indicates that in addition to a strong AHE component there is an intrinsic additional contribution in the region between the two metamagnetic transitions, see supplementary materials. This suggests the presence of a magnetic texture with either topological features or non-collinear complex modulations in this magnetic state that can contribute an extraordinary off-diagonal components of the resistivity tensor. A quantitative extraction of this extraordinary Hallresistivity may only become possible by taking into account field-induced changes in the band structure and the exact structure of the new magnetic order, and lies beyond the scope of this work.
The results of our bulk measurements refine the published phase diagram of Ca 3 Ru 2 O 7 in the region between the lines separating AFM b and CAFM states [26] [27] [28] . Until now most of the neutron scattering measurements on Ca 3 Ru 2 O 7 were performed at finite wavevectors. In this Letter we focus on the nature of the magnetic state near AFM a -to-AFM b transition at magnetic fields between 2 T and 5 T and report the magnetic modulation in a previously unexplored region of the reciprocal space near the wavevector Q=0.
SANS experiments were performed to search directly for a bulk long-wavelength magnetic modulation in the "funnel"-type region of the B-T phase diagram near Q=0. Typical SANS patterns obtained at 4 different fields are shown in FIG 2. Each pattern consists of the images of the main twodimensional low-Q detector and 4 additional high-Q detectors as detailed in Ref. [29] . The magnetic field was applied parallel to the b-axis, which points out of the plane of the detector. Data were collected after zero field cooling the sample to 2 K, applying the field at 2 K and measuring the pattern at several increasing temperatures. For each field a non-magnetic background collected at 65 K was subtracted. The most striking feature found in our experiments is a pair of satellites at Q M M T =(±∆,0,0), which correspond to a magnetic modulation propagating along the a-axis with a repeat distance of 2π/∆, FIG 2. We observed the satellites at fields from 2 T up to 5 T in the temperature range, which shows a hysteretic behaviour of the magnetisation shown in FIG 1a. No satellites were observed at fields above 5 T, suggesting that the "funnel"-type region of the phase diagram is not a uni- form magnetically ordered state. The satellites develop from the strong intensity near Q=0 at the temperature of AFM ato-AFM b transition and become more incommensurate with increasing temperature. This pattern was observed at all fields except for 2 T, where satellites exist only in a very small temperature range in a proximity of the metamagnetic transition. We also observed a second harmonic of the primary satellites at 2Q M M T at 2 T, 2.5 T and 3 T, which could correspond to higher order peaks or represent a double scattering.
The magnetic field and the wavevector dependence of SANS intensity is summarized in A at 2.5 T, comparable to the correlation length of 5500Å in the A-phase of MnSi [18] . Magnetic field moderately increases the correlations along b and a axes between 2.5 T and 3 T and suppresses correlations b and c axes at B≥3 T. Neutron scattering is only sensitive to the component of the magnetization perpendicular to the total momentum transfer, so that the component of the ordered moment along the aaxis is not measured in our experiment. The observation of the satellites along the a-axis in the ac-plane indicates that the ordered moment of the modulation can have components parallel to the c and b-axes. In AFM b and AFM a regions of the phase diagram, which border the region of the metamagnetic texture the ordered moment has no component along the c-axis. We also note that in none of the Fe and Mn-doped Ca 3 Ru 2 O 7 the ordered moment acquires a component along the c-axis [30, 31] . It is therefore likely that the ordered moment of the modulation is along the b-axis, but the component along the a-axis cannot be ruled out. Our modulation is then either a helix or a cycloid if it has a component of the ordered moment along the propagation vector. Further experiments with polarized neutrons are required to identify the type of the modulation. The strong intensity near Q AF =(0,0,±0.34) A −1 corresponds to the bulk antiferromagnetism, which propagates along the c-axis in agreement with Ref. [22] . The scattering is very broad near Q AF at the temperatures at which the satellites at Q M M T are observed, but turns into a well-defined sharp reflection at the lowest temperatures, where no satellites are observed. We observed this reflection at Q AF =(0,0,- due to a small tilt of the crystal with respect to the vertical direction. We also note that the antiferromagnetic reflection acquires a modulation, which propagates along the a-axis, which becomes resolvable above 4 T. The wavevector of the modulation, Q at 5 T. This behaviour is reminiscent of a magnetic field-induced commensurate-to-incommensurate transition in the DM antiferromagnet Ba 2 CuGe 2 O 7 , in which the magnetic field was applied in the plane of the rotation of the spins [32] . A commensurate to incommensurate antiferromagnetic transition was also reported for Fe and Mn-doped Ca 3 Ru 2 O 7 in Ref. [30, 31] . A cycloidal modulation propagating along the a-axis was identified for both types of doping. These observations suggest that the antiferromagnetism in Ca 3 Ru 2 O 7 can be easily destabilized by application of the magnetic field or doping and is prone to host magnetic solitons. The onset of the magnetic texture with the ordered moment along b-axis requires the ordered moment in the AFM a state to rotate from the a-axis to the b-axis locally, on the lengthscale of the magnetic texture. We propose that such defects in the magnetic structure break the long-range three-dimensional antiferromagnetism in Ca 3 Ru 2 O 7 . The intensity near the antiferromagnetic wavevectors Q AF is maximised near the temperature at which the magnetic satellites at Q M M T disappear. We note that in a previous neutron scattering work the intensity of the antiferromagnetic reflections measured between 3 and 4 T showed a reduced intensity on cooling [22] . We argue that the emergence of the magnetic texture is the origin of the reduced integrated intensity of the antiferromagnetic Bragg peaks at Q AF . It is unlikely therefore, that the magnetic texture and the bulk antiferromagnetism co-exist in a non-equilibrium state. Instead, the magnetic texture develops from the antiferromagnetism as an equilibrium state in the presence of the magnetic field, which enhances the effect of the DM interactions.
Summarizing the experiments, Ca 3 Ru 2 O 7 displays a spirally-modulated magnetic order in broad temperature-field region, previously regarded as a crossover [22, 28] . The propagation vector of the spiral is aligned perpendicular to the magnetic field and the staggered magnetization is likely parallel to it. The magnetic field applied along the polar baxis destabilizes the antiferromagnetic ground state. Then, a mixed state modulating between antiferromagnetic and ferromagnetic spin-configurations with long periods, is observed.
Elementary considerations are sufficient to explain why this modulated state exists, and in fact is an expected behavior in a polar antiferromagnet such as Ca 3 Ru 2 O 7 when, under a magnetic field, its magnetic states is transformed into a ferromagnetic configuration. Its non-centrosymmetric crystal structure and layered antiferromagnetic ordering (FIG 4a) enable specific couplings between the two co-existing order parameters, the antiferromagnetic staggered magnetization and the ferromagnetic spin polarization. Ultimately, these couplings derive from the DM interactions (DMI) in this material. The hierarchy between (i) the strong spin-exchange, stabilizing a certain antiferromagnetic spin-pattern as the ground state, (ii) the twisting effects of the DMIs on this ground-state, and (iii) the possibility to tune the system into the spin-polarized state by external magnetic fields, while temperature is used to tune the weaker magnetic anisotropies, makes this layered chiral magnet with a polar structure ideally suited for a modulation of the desired type.
In contrast to a "simple" texture where one directional ordering mode is twisted, this is a more complex texture generated near the co-existence points of two phases. Here, the magnetic order is spatially wavering between the coexisting ferromagnetic and antiferrromagnetic configurations, as sketched in FIG 4b. Therefore, the term "metamagnetic texture" appears appropriate for this modulated phase in Ca 3 Ru 2 O 7 .
Qualitatively, the mechanism enabling such complex mixed states can be stated by using symmetries to construct the phenomenological continuums theory for these ordering modes, i.e. by constructing the Landau-Ginzburg free energy for the coexisting and coupled ordering modes as reported for Ca 3 Ru 2 O 7 in the Supplementary materials. The specific mechanism then is described by free energy terms known as "Lifshitz-type invariants". Such terms are linear in spatial gradients of one mode and couple it to the other mode. These Lifshitz-type terms describe a frustrated coupling between different pure modes. The expectation that such terms cause modulations of thermodynamic mixed phases has been put forth theoretically for a long time [33] [34] [35] [36] [37] [38] . However, these effects can become relevant only if a system can be tuned towards special multicritical regions of the phase diagram, where the two primary modes co-exist. This may be reason why concrete examples for the effects of such terms have been scarce. Typically such effects have been discussed for frustrated (magnetic) systems of low symmetry where different order parameters already co-exist in the ground state [39] . Recently, the importance of such couplings has been raised in the context of "phase co-existence" in materials with multiple electronic instabilities such as the manganite or cuprate perovskites [38] , but simple experimental systems displaying such effects have remained elusive. The discovery of fielddriven modulated magnetic state in Ca 3 Ru 2 O 7 now provides an example of a modulated state with mixed symmetries. The observations demonstrate that metamagnetic crystals with appropriate non-centrosymmetric structure are an ideal playground for creating such textures . FIG 4c,d shows schematically possible magnetic phase diagrams that can be realized in antiferromagnets with non-centrosymmetric, in particular polar symmetry.
The tricritical region with first-order phase transitions in the case of magnets with strong easy-axis anisotropy is replaced by transitional regions covered by modulated mesophases. Similarly, for systems with weak or absent anisotropies, modulated states still can occur near the transition towards the spin-polarized paramagnetic phase at elevated temperatures, where antiferromagnetic and ferromagnetic order parameters have similar magnitude and can become intertwined. The transition from the paramagnetic state to the modulated states is expected to be unconventional, implying inhomogeneous pre-cursor states. The stabilization of this mixed magnetic texture relies on the unavoidable asymmetric exchange through spin-orbit couplings. It can be predicted for many systems to occur. So far, in Ca 3 Ru 2 O 7 we have observed only a mixed state with a one-dimensional modulation. The basic mechanism that enables the generation of this mixed state can act also in different spatial directions. Then, it may become possible to create mixed textures similar to the chiral magnetic skyrmions in acentric ferromagnets. Therefore, appropriate acentric metamagnets may also bear localized or multidimensional lumps of one type order immersed in another one. Phase transition involving such textures may allow to create condensates of such lumps to form textured states that are simultaneously modulated in different directions, akin to skyrmion lattices, but composed of different co-existing ordering modes. We propose to call such states improper Dzyaloshinskii textures.
II. METHODS

A. Crystal growth and bulk characterization
High quality single crystals of Ca 3 Ru 2 O 7 were grown using a floating zone method in a mirror furnace. The single crystals were oriented using a white beam backscattering Laue X-ray diffraction method. SFIG.5 in supplementary materials shows the corresponding Laue diffraction image indexed with the Bb2 1 m-structure and room temperature lattice parameters. The Laue diffraction image shows sharp reflections, which indicate the excellent quality of the sample. The crystalline quality was further confirmed by measuring the rocking curve at (10,0,0) strong nuclear reflection in a neutron beam, SFIG.6. Measurements of the magnetization were performed using the vibrating sample magnetometer; specific heat was measured using the physical property measurements system by Quantum Design.
B. X-ray diffraction and structure refinement
As crystals of Ca 3 Ru 2 O 7 are easily cleaved, great care had to be taken to isolate a single crystal of adequate quality. Finally an irregular chip (162 × 48 × 11 µm 3 ) was selected and used in single crystal X-ray measurements on Rigaku AFC7 diffractometer with a Saturn 724+ CCD detector. After preliminary unit cell determination oscillation images around the unit cell axes proved good crystal quality without indications of partial cleavage or twinning, see SFIG.7. All diffraction experiments were performed at 295 K applying graphitemonochromated Mo-Kα radiation (λ = 0.71073Å) collimated with a mono-capillary. A total of three full ϕ-scans resulted in 2250 images from which after integration and scaling 7089 Bragg intensities were obtained. After averaging 1328 unique reflections were used in structure refinement. Above 48 K transition the collinear spin-structure has moments directed along the a-axis of the orthorhombic cell. The polar axis is b. Cartesian coordinates xyz are used for spin and spatial gradients, with z along b as indicated. Panel b shows a metamagnetic one-dimensional texture propagating along the a axis. In an applied field along the polar axis b, the spin configuration oscillates from fm to afm and back to fm over a repeat period Λ. c, d, schematic phase diagrams of bipartite antiferromagnets with easy-axis anisotropy. Panel c the temperature-field phase diagram for the case of large anisotropy. A first-order transition between an antiferromagnetic (afm) collinear and a spin polarized (fm) state occurs along the double line. For temperatures above a tricritical point (triangle) the transition is continuous. The afm-fm co-existence can be replaced in a polar magnet by a region of modulated phases µ. Towards the paramagnetic state at elevated temperatures, anomalous transitions into precursor states (π1, π2) then are expected. The dotted yellow line indicates the transition between the improper, metamagnetic texture and the precursor state µ → π2. The precursor of type π1 only implies modulations of primary afm modes, while π2 states can be metamagnetic, being composed of modulations between afm and fm modes. Panel d displays the phase diagram of a system with a weak anisotropy. The double line signifies a first order transition of the spin-flop type, which is only a re-orientation of the ordered moment. The marked point is a bi-critical point (almond mark). In an antiferromagnet with a polar structure, metamagnetic textures µ can still occur at elevated temperatures and for fields higher than the spin-flop field, when a sizeable net moment and antiferromagnetic order compete. As in the case of large anisotropy, different types of precursors, i.e. a proper antiferromagnetic texture π1 or metamagnetic textures with coupled modulations between afm and fm mode π2 can occur. a centrosymmetric model as well as pseudo-tetragonal twinning had to be excluded. In an ongoing investigation we try to clarify if these observations point to a structural phase transition at high temperatures and are in accordance with antiphase domain type features in optical micrographs. Details of diffraction experiment and structure determination are available from Cambridge Structural Database.
C. Small angle neutron scattering
We have carried out our SANS measurements on D33 SANS instrument at ILL in a horizontal magnetic field of 4 T and at temperatures between 10 K and 61 K. The measurements were performed using unpolarized neutrons with the wavelength λ=4.8Å. The neutron beam was collimated over 2.8 m before the sample. The sample to detector distance equaled the incoming beam collimation. We have used the ILL Blue Charly 8 T horizontal magnet with the field oriented parallel to the neutron incident momentum. Typically, each scan was collected over 30 minutes to obtain a good statistics.
The sample was cooled in a zero field to 2 K, at which the field was applied and the data was collected on heating. Some of the SANS measurements were performed at NG7 instrument at the NIST Center for Neutron Research.
D. Transport and XMCD measurements
For the transport measurements we prepared a microstructured device using a standard focused ion beam procedure. We fabricated a Hall bar device from an oriented single crystal of Ca 3 Ru 2 O 7 by the application of focused ion beam (FIB) as described elsewhere [40] . We cut a thin rectangular slice, with dimensions (a × b × c) = (100 × 20 × 3) µm
3
, from the crystal and transferred it into non-conductive epoxy on a sapphire substrate. Ohmic contacts with approximately 10 Ω contact resistances were produced by sputter coating Au and annealing at 400
• C. The magnetoresistance measurements were performed in a LOT Quantum design magnet system. XMCD measurements were performed on ID32 beamline at ESRF.
E. Theoretical considerations
Symmetry analysis and Landau-Ginzburg theories have been performed following standard procedures [41] with input from the ISOTROPY program (http://stokes.byu.edu/iso/isowww.php). Density-functional calculations have been performed using full-relativistic version of FPLO (https://www.fplo.de/) [42] .
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I. X-RAY MAGNETIC CIRCULAR DICHROISM (XMCD)
The X-ray magnetic circular dichroism (XMCD) experiment has been performed at the ESRF beamline ID32 using the high-field magnet endstation 1 . The samples were cleaved in situ in the high field magnet at low temperature and a pressure better than 2 × 10 −10 mbar leaving behind a clean ab surface. The magnetic field was applied along the beam direction. The b axis of the samples was titled by 15
• towards the c axis with respect to the field direction, resulting in a small field component along c but zero field along a. The X-ray absorption spectra were taken in total electron yield mode with circular left and circular right polarization for both positive as well as negative field direction. The XMCD was determined from all four spectra as the difference between spectra taken with opposite helicity. Fig. 1a shows the XAS spectra for positive and negative helicity and the XMCD obtained as the difference of the two in the CAFM phase at low temperature and high field. In addition to the Ru M 3 and M 2 absorption lines there is an additional broad X-ray absorption features around 450 eV which displays no XMCD and is due to Ca L 3,2 absorption. We followed the XMCD signal at the Ru M 3,2 as a function of magnetic field an temperature in the relevant region of the phase space. The obtained spectra are shown in Fig. 1b both with the relative intensities as measured (left panel) and with the intensities normalized to peak value (right panel). The intensity of the XMCD signal (left panel) scales well with the macroscopic magnetization curves shown in Fig. 2a of the manuscript. The lineshape of the XMCD, however, does not change, neither with field nor temperature, across the metamagnetic, magnetic and MIT transitions. Using the XMCD sum rules, we can extract the ratio of orbital to spin moment aligned along the field which only depends on the ratio of the integrated XMCD signal at the M 3 and M 2 absorption edge, respectively 2 . As the XMCD lineshape does not change across the phase diagram we always find the same value < m L > / < m S >≈ 0.13 ± 0.02, confirming the presence of a sizable orbital moment. In principle, spin-and orbital moment can also be extracted individually from the XMCD signals 2 . We refrained from doing so here because of the complex background of the XAS spectra which makes it difficult to extract reliable numbers.
The robustness of the XMCD lineshape and the < m L > / < m S > ratio suggests that the local crystal field experienced by the Ru ions in the RuO 6 octahedra does not change significantly in the interesting region of the phase diagram.
II. TRANSPORT MEASUREMENTS
We have carried out magnetotransport measurements on a sample in the Hall-bar geometry, prepared by focused Ion beam (FIB) microfabrication. A lamella with dimensions (3×20×100) µm 3 was cut from a single-crystal using Gallium FIB. The device is shown in the inset of Fig 2a. We used a standard four-terminal Lock-In method for measurements of electrical resistivity. We applied a current of 100 µA with frequency f = 177 Hz along the a-axis while the magnetic field was applied along the b axis. The zero-field resistivity curve shown in Fig 2a resembles data reported previously   3 and demonstrates the high quality of micromachined devices. The in-plane resistivity, ρ xx , as well as the Hall resistivity, ρ yx , exhibit a step-like behavior at low temperatures (see Fig 2b  and c) . The sharp change evolves into a broader transition as temperature approaches 50 K. Above 50 K, both ρ xx and ρ yx follow an overall positive slope. Most interestingly, we observe a two-step-like behavior in ρ yx for temperatures between 45 K and 49 K, the range in which the metamagnetic texture was observed in small-angle neutron scattering measurements. In general, the Hall resistivity can be a composition of three components:
where N, A, T denote the normal, anomalous and topological Hall effect contributions 4 . Using the expression:
where H is the magnetic field and M is the magnetization, we can extract the normal and anomalous Hall coefficients, R 0 and S A (see Fig 3a) . The respective intercept and slope of the linear fits to the high-field part of ρ yx /H plotted versus Mρ simulated under assumption that only the normal and anomalous contributions exist. In Fig 3b we show the simulation result for T = 47 K compared to the raw data, M, ρ xx and ρ yx . Both case α=0 and 1 are shown, which correspond to an anomalous contribution dominated by intrinsic or extrinsic scattering mechanisms, respectively 
III. SMALL-ANGLE NEUTRON SCATTERING MEASUREMENTS
Our SANS sample was a 238 mg single crystal, mounted on Al sample holder with the c-axis vertical and the b-axis parallel to the field and the neutron incident momentum. The approximate sample dimensions along the major crystallographic axes are a=8.3 mm, b=7.7 mm, c=1.5 mm. The correlation lengths of the magnetic texture along all three crystallographic axes were calculated by combining the rocking curve measurements (rotation around the c-axis) and the azimuthal and radial widths of the satellites, which were fitted to the two-dimensional Gaussian functions as detailed in Ref. 9 . The rocking curve at 2 T and 48 K, obtained by rotating the sample together with a cryomagnet was fitted by a Gaussian function, which yielded FWHM=3.1 and 2.7 degrees for the satellites contained in left and right boxes, Fig 4. 
IV. SINGLE CRYSTAL GROWTH AND ORIENTATION OF SAMPLES
Single crystals of Ca 3 Ru 2 O 7 were grown using a floating zone method in a mirror furnace (Canon Machinery, model SCI-MDH)), as reported elsewhere 6 . The crystal growth was performed in an atmosphere of the mixture of Ar and O 2 (Ar:O 2 =85:15).
The single crystals were oriented using the X-ray Laue backscattering method utilising the home-built instrument. The typical pattern shown in Fig 5 demonstrates very sharp reflections and allows to distinguish between the a-and b-axes. The full width at the half maximum (FWHM)=0.32 degree of the rocking curve measured at the strong nuclear reflection (10 0 0) in a neutron beam with the wavelength λ=1.272Å on D23 instrument at ILL indicated an excellent quality of our crystal, Fig 6. Oscillation images around crystallographic axes confirm that crystal quality was maintained for the small single crystal, standard DFT-calculations within the full-potential local orbital (FPLO) approach 10 . We used the generalized gradient approximation (GGA) as exchange-correlation functional 11 . Correlations beyond have been included by the GGA+U method for the 4d-states of Ru with an effective Hubbardlike U=0 to 3 eV. The fully relativistic FPLO code includes SOC to all orders, being based on solutions of the 4-spinor Kohn-Sham-Diract equations. As a relevant example, for ferromagnetic spin configurations we find spin-moments m s = 1.56 µ B / Ru ion and orbital moments m o = 0.19 µ B / Ru ion for a representative value of U = 2.25 eV. However, there are large uncertainties regarding exact values of spin and orbital moments, as seen from calculated results in Table II 
VI. LANDAU-GINZBURG FREE ENERGY
The primary magnetic order in Ca 3 Ru 2 O 7 has been identified as a simple antiferromagnetic two-sublattice structure, where ferromagnetically coupled Ru-bilayers alternate with antiparallel moments stacked in c-direction 8 . The antiferromagnetic order breaks the B-centering operation with the vector t = (1/2, 1/2, 0) (in the Cartesian coordinate system of Fig. 4 a, which will be used for spatial and spin-coordinates in the following). The metamagnetic behavior of this twosublattice order, and the tricritical behavior Fig. 4 c, can be described by the Landau theory for the coupling of the two equivalent sublattices M I and M II , but this expansion requires higher-order terms 13 . In the vicinity of the tricritical point the
The rocking curve at (10 0 0) reflection measured in a thermal neutron beam. The peak is fitted by a Gaussian lineshape with the full width at the half maximum FWHM=0.32 degree. expansion can be expressed by a free energy density
Representing this phenomenological theory in terms of the staggered vector l = (1/2)(M I − M II ) of antiferromagnetism and the net magnetic moment f = (1/2)(M I + M II ) leads to a free energy, which should include at least 6 th order terms in the Landau expansion to describe the tricritical point and the phase coexistence between antiferromagnetism and ferromag- 
The two co-existing symmetry modes l and f and its Cartesian spin-components belong to odd and even representations of the Cmc2 1 space-group (which is a standard setting of space group No36 equivalent to Bb2 1 m) with respect to the partial t-translation, i.e. they have different symmetry. As this crystal lattice of Ca 3 Ru 2 O 7 has a non-centrosymmetric orthorhombic symmetry belonging to Laue class 2mm, Landau-Ginzburg free energies for these two modes can have Lifshitz invariants, i.e. terms linear in spatial gradients of Cartesian com-ponents of either of these modes. These terms derive from the Dzyaloshinskii-Moriya interactions and can be written as combinations of bilinear antisymmetric forms,
the specific antiferromagnetic order parameter in space group Cmc2 1 . The corresponding Euler-Lagrange equations for the variational problem will constitute a system of coupled partial differential equations for the degrees of freedom described by the fields l(r), and f (r).
A dedicated theory for a specific material could be distilled from this most general functional by restricting to a few crucial terms. For a simple case, which may pertain to Ca 3 Ru 2 O 7 , it may suffice to consider only one-dimensional modulations in y-direction and spin-components in the yzplane. This is the case sketched in Fig.4b . The most important terms are then proper Lifshitz invariant F y Γ y z (f ). These inhomogeneous contributions to the free energy imply that the presence of a net magnetization f z in an applied field along the polar axis favours an instability towards an antiferromagnetic modulation in the yz-plane. But, the local ferromagnetic modulation is also unstable with respect to modulations through the proper Lifshitz invariants. Only strong anisotropies can prevent the instability of the spin-system towards mixed states where ferromagnetic and antiferromagnetic configurations are simultaneously present in a spatially modulated fashion. The presence of these different effective couplings then leads to modulations with a competing character, as different coupling terms co-operate and frustrate each other. In our observations, this competing character of the modulation is noticable, as the characteristic modulation length displays a pronounced temperature dependence. For an ordinary Dzyaloshinskii spiral, this behavior is unusual and unexpected 14 , as in that case there is only one coupling term that rules the frustration of one simple symmetry mode. Also, the presence of the higher order term could lead to marked anharmonicities in metamagnetic textures that are driven by the higher order mixed terms.
For the particular antiferromagnetic order in Ca 3 Ru 2 O 7 , the mixed Lifshitz-type terms are of higher order and affect the magnetic spin-structure only in the region of a metamagnetic co-existence. It is the underlying tricritical point which reveals the presence of these terms, Fig.4c . However, appropriate symmetry of an antiferromagnetic mode can also allow mixed Lifshitz type invariants with a bilinear form like,
In the vicinity of the bi-critical point, in the case of a system with weak anisotropy, sketched in Fig. 4 d, these terms drive the existence of metamagnetic textures with modulation between antiferromagnetic ground-state in spin-flopped configuration and the field-enforced ferromagnetism.
